Objective: Diabetic kidney disease (DKD) has become one of the major causes of end-stage renal disease. Urinary extracellular vesicles (uEVs) contain rich biological information which could be the ideal source for noninvasive biomarkers of DKD. This review discussed the potential early diagnostic and therapeutic values of proteins and microRNAs in uEVs in DKD. Data Sources: This review was based articles published in PubMed, Embase, Cochrane, and Google Scholar databases up to November 20, 2017, with the following keywords: "Diabetic kidney disease", "Extracellular vesicle", and "Urine". Study Selection: Relevant articles were carefully reviewed, with no exclusions applied to the study design and publication type. Results: There is no "gold standard" technology to separate and/or purify uEVs. The uEVs contain a variety of proteins and RNAs and participate in the physiological and pathological processes of the kidney. UEVs, especially urinary exosomes, may be useful biomarkers for early diagnosis and treatment to DKD. Furthermore, the uEVs has been used as a therapeutic target for DKD. Conclusion: Proteins and nucleic acids in uEVs represent promising biomarker for the diagnosis and treatment of DKD. This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as appropriate credit is given and the new creations are licensed under the identical terms.
IntroductIon
Diabetic kidney disease (DKD) occurs in 20-40% of all patients with diabetes mellitus (DM). [1] It has become one of the major causes of chronic kidney disease (CKD) and end-stage renal disease (ESRD) worldwide. The mortality rate for DM has increased by 32.1% which led to 1.5 million deaths from 2005 to 2015. [2] According to the American Diabetes Association, DKD was defined as an estimated glomerular filtration rate (eGFR) of <60 ml·min −1 ·1.73 m −2 or detection of albuminuria in patients with DM. [3] For practical purposes, albuminuria was defined as a spot urinary albumin-to-creatinine ratio/albumin-to-creatinine ratio (UACR/ACR) higher than 30 mg/g. However, there are some limitations of using UACR and eGFR for diagnosing DKD. Recent studies suggested that microalbuminuria might not be a precise predictor for the risk of DKD due to considerable daily variation in albuminuria. [4] In addition, some conditions, including exercise within 24 h, high-protein diet, infection, fever, high blood pressure, urinary tract infection, and congestive heart failure, might result in falsely elevated UACR without any kidney damages. [3] It is also well-known that some diabetic patients could develop renal failure without preexisting albuminuria. [5] Given increased prevalence and significant socioeconomic burden caused by DKD, the noninvasive and more accurate early diagnostic biomarkers will be needed to improve the quality of patient life and reduce its impact on healthcare.
Urinary extracellular vesicles (uEVs), a potential noninvasive biomarker for early diagnosis and therapy of DKD, can help us understand the pathophysiological mechanisms leading to renal damage. EVs are vesicular structures enclosed by phospholipid bilayer and containing protein and nucleic acids. [6, 7] The uEVs have been involved in the pathogenesis of acute kidney injury and CKD, including renal fibrosis, ESRD, glomerular diseases, and DKD. [8] This review focused on the application of uEVs for early diagnosis and treatment of DKD through a comprehensive review of the medical literature.
characterIstIc of extracellular VesIcles

Generalization of extracellular vesicles
EVs were first discovered in sheep reticulocytes by Pan and Johnstone in 1983 [9] and were named as "exosomes" in 1987. [10] One of the main criteria to define EVs is that they are isolated from the extracellular fluid. [11] EVs can be detected in human blood, [12] urine, [13] saliva, [14] bile, [15] cerebrospinal fluid, [16] breast milk, [17] amniotic fluid, [18] seminal fluid, [19] prostatic secretions, [20] ascites, [21] and pleural fluid. [22, 23] There are three types of EVs: exosomes, microvesicles (MVs), and apoptotic bodies (ABs), and their diameters generally range from 40 to 150 nm, 100-1000 nm, and 50 nm − 5 µm, respectively. [20] [21] [22] Recently, newer types of EVs named as multivesicular spheres or pheresomes were found, due to its new mechanism of shedding from a spherical membrane structure. [24] The biogenesis and release of exosomes can be roughly divided into two steps: the formation of multivesicular bodies (MVBs) and their fusion with the plasma membrane [ Figure 1 ]. [25] The endocytic vesicles mature to early endosomes and then the late endosomes by inward budding of the plasma membrane. [26] The late endosomes turn into MVBs by accumulating the intraluminal vesicles (ILVs) which consist of endosomal sorting complex required for transport, proteins, lipids, and RNAs. [23] Thereafter, the MVBs fuse with the plasma membrane and release the ILVs, which are called exosomes. [13] MVs are released by the outward budding of the plasma membrane or from the endosomal compartments. [27] ABs are released after cells undergo apoptosis.
The mechanisms for uptaking EVs by target cells include clathrin-dependent [28] and clathrin-independent pinocytosis, [29] caveolin-mediated endocytosis, [30] and phagocytosis. [31] Heparin can block the communication between donor and recipient cells through EVs. [32] EVs contain a variety of proteins, RNAs, and other substances. Moreover, most of these biomarkers are associated with kidney and genitourinary diseases. [33] A research had demonstrated that many mRNAs in the MVs were related to cell migration, angiogenesis, cell proliferation, immune response, and histone modification. [34] MVs contain varieties of angiogenic proteins, such as angiogenin and FGF which mediate the angiogenesis and calcification of vascular smooth muscle cells. [34, 35] Besides, EVs can avoid complement-mediated lysis by expression of CD55 and CD59 [36] and participate in antigen presentation between different cells of the immune system. [6] In addition, EVs are also involved in tumor metastasis. A study suggested that MVs derived from activated platelets could induce the metastasis of lung cancer. [37] Exosomes derived from tumor are an origin of tumor rejection antigens for cytotoxic T lymphocyte cross-priming. [38] Moreover, tumor MVs can deliver the genetic information and signaling proteins to surrounding cells. [34] 
Isolation of extracellular vesicles
By far, there are no standardized technologies to isolate and purify EVs because of the complexity and variation of the sample composition. Therefore, it is difficult to compare EVs isolated by different techniques. As a result, development of a standardized, reliable, and efficient isolation method is necessary to ensure their appropriate clinical applications as well as downstream studies in genomics, proteomics of EVs.
The conventional isolation techniques include ultracentrifugation-based separation, size-based separation, and microfluidic separation. Based on the size and density of exosomes, we can collect exosomes by ultracentrifugation at 20,000 ×g. Ultracentrifugation is well known for differential centrifugation based on the size and density of the samples. However, this technique has some disadvantages such as time consuming, low yield, and low purification quality. A study reported that about 40% of the vesicles got lost in the supernatant after the differential centrifugation. [39] Sucrose gradient centrifugation (SGC) based on the different flotation densities could improve the purity by reducing interference of the amount of Tamm-Horsfall protein in urine. [40] SGC also has shortcomings since it cannot separate exosomes from viruses or MVs due to the similarity in buoyant density. [41] Ultrafiltration is one of the most popular techniques for size-based separation. Ultrafiltration is not only faster than ultracentrifugation but also does not require special equipment. [42] However, this technique might cause deformation or even rupture of the EVs, which would affect the results of the following researches. [43] Another size-based separation is size exclusion chromatography (SEC). Some studies suggested that using SEC to isolate EVs could retain more intact biophysical properties, but the efficiency of this technique is low and approximately below 1%. [44] The third method is to use the nanomembrane concentrator. A research used a nanomembrane concentrator to enrich exosomes from urine by centrifugation at 3000 ×g for 10-30 min. [45] Despite the rapid development and advances in filtration technologies, there are no uniform standards for the membrane pore size, the order of the centrifugation steps, and no studies regarding the amount of vesicles lost in the membrane holes. One study demonstrated that hydrostatic filtration dialysis was a method with more advantages than the other methods, given that there is no need to buy expensive equipment and it is high efficiency. [39] This method mainly uses a simple device to form hydrostatic pressure in the dialysis membrane with relative molecular mass of 1,000,000; then, the liquid and soluble proteins are filtered out of the dialysis membrane, and the EVs are enriched in the dialysis membrane. [39] A variety of commercial kits have been developed based on microfluidics. Acoustic nano-filter system separates EVs from other contents of the samples using a microfluidic device to collect the EVs. This method is highly efficient and can produce about 80% of the exosomes and more than 90% of the larger MVs. [46] In addition, acoustic filtering is faster than the conventional methods, and the acoustic damage to the ECS is minimal. [47] Davies et al. [48] had shown that direct-current electrophoresis can be employed as an alternative driving force to enhance purity in the microfluidic device. Wang et al. [49] have developed a porous silicon nanowire-on-micropillar structure based on the size difference between exosomes and other EVs as well as cellular debris. Kanwar et al. [50] showed a microfluidic-based platform named "ExoChip" in their study which has been used to isolate specific exosomes. They demonstrated the ability of ExoChip to recover exosomes with intact RNA enabling profiling of exosomal-microRNAs (miRNAs) through openarray analysis, which had potential applications in biomarker discovery. However, their findings encourage conducting a detailed prospective trial with a large-sample population and performing detailed molecular analysis. [50] To our knowledge, the most recently developed method is to integrate acoustics and microfluidics techniques to isolate exosomes or other types of EVs in an automated fashion. [51] Studies have shown that this method requires 100 ml of undiluted blood samples and only takes <25 min to complete the separation and isolation in contrast to 24 h by ultracentrifugation. [51] The researchers concluded that this technology generally did not change the biological or physical characteristics of the exosomes, had much less time consuming with high yield, and increased uniformity, compared to the conventional separation technologies. [51] They anticipated that this method would improve the quality and efficiency of isolation of exosomes and other EVs, hence promoting its clinical applications. [51] However, up to date, there is no "gold standard" technology to separate and/or purify EVs. The most effective method may depend on the specific scientific issues required by and on the downstream applications used. [11] The International Society for Extracellular Vesicles (ISEV) recommended that researchers should describe the detailed methodology used for EV isolation and describe the characteristics of EVs in publication in order to let the researchers interpret and replicate the results. [11] The ISEV also recommended characterizing EVs at both population and single-vesicle levels. [11] 
Urinary extracellular vesicles in kidneys
The uEVs are secreted by almost all cell types in kidneys such as glomerular epithelial cells, glomerular podocytes, tubular epithelial cells, and collecting duct cells. [13, [52] [53] [54] In general, the circulating EVs cannot pass through the glomerulus and reach the urine under physiological conditions. [13] Gudehithlu et al. [55] found that the measurement of gelatinase in the urinary exosomes was more accurate during the progression of the diabetic nephropathy than the measurement of the whole urine gelatinase. Compared to the whole urine samples, proteins in the urinary exosomes were correlated better with the underlying protein changes in the kidney. They also observed that in humans, some inflammatory markers, such as ceruloplasmin levels, were elevated in the urinary exosomes much earlier than microalbuminuria in diabetic nephropathy. [55] Therefore, the contents in uEVs were more likely to reveal the overall kidney health. [56] Exosomes were first isolated by Pisitkun et al. [13] in urine in 2004. Subsequently, the larger vesicles were also found in urine, so uEV was a more appropriate name. The uptake of uEVs by renal collecting duct cells is regulated by vasopressin. [57] The uEVs contain a variety of proteins and RNAs and participate in the physiological and pathological processes of the kidney. UEVs transmit signals between neighboring cells, thus affecting the renal physiological functions. [17, 53] Pisitkun et al. [13] found that several proteins were associated with certain renal diseases. For example, polycystin-1 and aquaporin (AQP)-2 are thought to be associated with polycystic kidney disease and autosomal recessive nephrogenic diabetes insipidus, respectively. Hogan et al. [40] showed similar findings on polycystin-1 by transmission electron microscopy images. Puhka et al. [58] examined the transcriptome of uEVs via RNA sequencing and found that uEVs were overexpressed in cellular metabolism, vesicle trafficking, and mitochondrial and ribosome functions. As a result, uEVs, especially urinary exosomes, might be useful biomarkers for early diagnosis and treatment to DKD.
utIlIty of urInary extracellular VesIcles for dIagnosIng dIabetIc KIdney dIsease
UEVs have become a hot topic recently because the urine is easy to obtain and it is noninvasive. Many in vitro cell experiments, animal experiments, and clinical trials have been carried out and showed that the proteins and miRNAs detected in uEVs could be a promising marker for diagnosing DKD, although the widespread clinical application requires further validation.
Proteins in urinary extracellular vesicles for diagnosing
An experiment showed that the contents of C-megalin in uEVs increased during the progression of albuminuria in DM patients. [59] Hence, C-megalin in uEVs might be associated with the development and progression of DKD. Using three different mouse models with Type 1 diabetes, Burger et al. [60] found that there was 5-fold increase in urine MVs produced by podocytes during the early stages of diabetic renal injury, which preceded the presence of albuminuria. Rossi et al. [5] analyzed the AQP2 and AQP5 (uAQP5 and uAQP2) excreted in urine in 35 patients: 12 diabetic patients with normoalbuminuria and normal renal function, 11 with proteinuria nondiabetic nephropathy, and 12 with histological diagnosis and classification of DKD. Interestingly, the enzyme-linked immunosorbent assay (ELISA) and Western blot analysis independently showed that uAQP5 was significantly increased in DKD patients. Furthermore, linear regression analysis showed a positive correlation between uAQP5 and the histological diagnosis of DKD. [5] The studies of uAQP2 showed similar results. Although the sample size was somewhat small, these studies suggested that AQP5 and AQP2 could be used as new noninvasive biomarkers for early diagnosis of DKD. [5] A study from Musante et al. [61] showed that the profiles of comprehensive protease in uEVs were significantly changed in DKD. They analyzed the proteases and protease inhibitors in uEVs isolated by hydrostatic dialysis and demonstrated an increase of myeloblast and its natural inhibitor in the normal-and microalbuminuria groups. Zubiri et al. [62] identified 352 different proteins in human urinary exosomes using liquid chromatography-mass spectrometry. Among these proteins, three of them showed different levels in DKD patients compared to the patients without DKD. These three proteins are α-microglobulin/bikunin precursor, histone-lysine N-methyltransferase (MLL3), and voltage-dependent anion-selective channel protein 1 (VDAC1). In addition, they did similar study using a rat model with early DKD and found that regucalcin protein, also known as senescence marker protein-30, was strongly downregulated in exosomes isolated from urine of these animal models. Later on, these results were confirmed in a pilot study using human samples. [63] Wilms tumor-1 protein (WT1), a protein secreted by renal epithelial cells and detected in uEVs, is thought to be related to podocyte injury. A study developed by Kalani et al. [64] suggested that the level of WT1 protein in uEVs was associated with the increase of ACR and serum creatinine as well as decline in eGFR. Although these findings suggested that the level of WT1 in uEVs might be relevant to the renal functions, some other studies revealed that WT1 in uEVs might be only a marker of podocyte injury but not a specific marker seen in DKD. [52, 65] Sun et al. [66] have done a study to evaluate the relationship between DKD and dipeptidyl peptidase-IV (DPP IV) protein detected in urinary MVs. Total 127 diabetic patients and 34 healthy individuals were included in the study. Among the diabetic patients, 43 patients had normoalbuminuria, 50 patients had microalbuminuria, and 34 patients had macroalbuminuria. They measured DPP IV protein levels by ELISA and Western blot analysis and found that the levels of DPP IV protein in urinary MVs of DKD patients were higher than controls, and positively correlated with UACR. These studies suggested that a variety of proteins presented in the uEVs might be associated with the development and progression of DKD, while some proteins could be potential noninvasive biomarkers for early diagnosis of incipient DKD. However, it is worth noting that some proteins are not specific for DKD and may also be associated with other diseases. Different uEVs isolation methods may lead to different results because of the interference of other proteins. Therefore, additional studies are needed to further verify the diagnostic utility of proteins in uEVs.
MicroRNA in urinary extracellular vesicles for diagnosing diabetic kidney disease
MiRNAs are a group of noncoding RNAs, involved in a variety of physiological and pathological processes, such as apoptosis, proliferation, regulation of immune responses, insulin secretion, and cell differentiation. [67] Miranda et al. [56] found that MVs isolated from human urine had an RNA integrity profile similar to that of kidney tissue. Meanwhile, they developed a rapid and reliable method to isolate nucleic acids from urinary MVs. The miRNA predominantly exists in exosomes in a stable form in uEVs. Kidney tissue contains miR-192, miR-194, and miR-215, and they play a critical role in the pathogenesis of DKD. [68] Jia et al. [69] analyzed uEV miRNA expression by real-time PCR in 80 patients diagnosed with Type 2 diabetes (30 normoalbuminuria, 30 microalbuminuria, and 20 macroalbuminuria) and 10 healthy controls. The receiver operating characteristic curve showed that miR-192 was better than miR-194 and miR-215 in identifying DKD in the patients with normoalbuminuria or microalbuminuria, which indicated that uEVs miR-192 might be able to diagnose DKD earlier. Eissa et al. [70] examined the miRNAs expression in urine exosomes from 210 participants by quantitative reverse transcription-polymerase chain reaction (PCR) and found that urinary exosome miR-133b, miR-342, and miR-30a were upregulated in DKD patients compared to normal controls. Another research also demonstrated that miR-15b, miR-34a, and miR-636 were highly expressed in urinary exosomes of DKD measured by real-time PCR. [71] Delić et al. [72] described a differential expression of 16 miRNAs in urinary exosomes and concluded that, compared to healthy controls, the expression of 14 miRNAs (miR-320c, miR-6068, miR-1234-5p, miR-6133, miR-4270, miR-4739, miR-371b-5p, miR-638, miR-572, miR-1227-5p, miR-6126, miR-1915-5p, miR-4778-5p, and miR-2861) was increased whereas the expression of 2 miRNAs (miR-30d-5p and miR-30e-5p) was declined in Type 2 diabetes-induced DKD. Barutta et al. [73] found that miR-130a and miR-145 were increased, while miR-155 and miR-424 were declined in urinary exosomes from DM patients with microalbuminuria, but the changes were not detected in patients with normoalbuminuria. Similarly, by testing miRNAs in urinary exosomes from diabetic rats, Mohan et al. [74] reported that the levels of miR 215 and miR 494 were significantly different in diabetic rats with severe renal pathology or higher glomerulosclerosis index compared to the diabetic rats with only moderate pathology.
More and more miRNAs in uEVs are identified and some of the corresponding gene sequences have been identified. Many studies have revealed their relevance to DKD. However, the clinical application of these results is still premature. We anticipate that more novel miRNAs related to DKD will be discovered and more specific biomarkers and commercial diagnostic kits can be used in clinical practice in the near future.
roles of urInary extracellular VesIcles In treatMent of dIabetIc KIdney dIsease
As delivery systems for therapeutic agents
EVs can serve as transporters for therapeutic drugs due to their ability to transport proteins and nucleic acids among different cells. Some studies suggested that chemotherapeutic agents loaded in exosomes could be delivered to malignant cells. [75] Up to date, Phase I and II clinical trials have also shown that dendritic exosomes could be used to treat malignancies. [75] However, there are some issues that have not been solved yet. First, the specific molecular mechanisms of the production, secretion, and uptake of EVs are still unclear. [74] Second, the techniques to incorporate therapeutic agents into the EVs and deliver them to the target cells have not been studied very well. [76] These challenges have hindered the clinical application of EVs as a drug delivery system. Hence, a large number of studies and clinical trials are warranted before uEVs can be used as an effective delivery system.
As potential therapeutic targets
Exosomes from urine and other biological fluids can serve as therapeutic targets for the treatment of renal diseases. [77] Glomerular mesangial cell (GMC) activation was thought to be associated with DKD. [78] It is well known that transforming growth factor beta 1 (TGF-β1) can induce GMCs activation and proliferation, ultimately lead to renal fibrosis. [78, 79] Wu et al. [80] demonstrated that TGF-β1-containing exosomes from high glucose-treated glomerular endothelial cells (GECs) could activate GMCs and promote renal fibrosis through the TGF-β1/ Smad3 signaling pathway. Thus, inhibition of intercellular transmission of TGF-β1-containing exosomes from GECs to GMCs might be a novel target for the prevention and treatment of DKD. A recent study identified that the transcription factor sterol regulatory element-binding protein 1 (SREBP-1) was a novel regulator of TGF-β1 receptor I expression. [81] As a result, inhibition of SREBP-1 in vivo could be a practical therapeutic strategy for DKD. Sun et al. [82] reported that CD63-positive exosome levels were significantly higher in patients with normoalbuminuria than patients with microalbuminuria and only decreased markedly after therapy with alpha-lipoic acid (α-LA). Therefore, CD63-positive exosomes might also be used as a potential therapeutic indicator for DKD. Kim et al. [83] found that activating transcription factor-3 in the uEVs might be an important regulator by enhancing extracellular matrix proliferation and macrophage infiltration, which revealed a new aspect of the therapeutic mechanisms of DKD.
Till now, the numbers of studies focused on uEVs as a therapeutic target were significantly less than those which have been done for diagnosing incipient DKD using uEVs. This could be due to the mechanisms that uEVS involved in the pathogenesis of DKD are still not very clear. Therefore, more studies are needed to further understand the roles of uEVs in the pathogenesis of DKD.
conclusIons
EVs are involved in a variety of physiological and pathological processes. Understanding the pathophysiological features, production, secretion, and uptake of EVs can further help us comprehend their roles in the development and progression of renal diseases. Successful and efficient isolation and identification of EVs is urgent. However, there is still no standardized and widely accepted method of isolation available by far. Future studies focusing on the development and improvement of EVs isolation and identification technologies are in need. The detailed pathophysiological mechanisms of uEVs in DKD need to be further addressed. The multicenter and prospective studies of early diagnosis and treatment of DKD by uEVs are critical to understand uEVs in depth and subsequently utilize them in clinical practice. In summary, proteins and nucleic acids in UEVs represent promising biomarker for the early diagnosis and treatment of DKD. 
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